INTRODUCTION
Mitochondrial cyt c (cytochrome c) is a multi-functional protein that plays a key role in life and death decisions of the cell [1] . For life-sustaining energy production, cyt c acts as an electron carrier in the mitochondrial ETC (electron transfer chain) leading to the production of ATP. To initiate cell death, various stress signals launch a programmed process known as apoptosis that occurs through either the extrinsic or intrinsic (mitochondrial) pathway [1] . Cyt c is essential in the mitochondrial apoptosis pathway. It was first reported to be present in the cytosol of cells undergoing apoptosis [2] and later found to be recruited with Apaf-1 (apoptotic protease-activating factor 1) and deoxy-ATP to form the apoptosome assembly, a cellular platform that initiates caspase activity triggering cell death [3] . To date only one naturally occurring variant of the human cyt c gene has been identified, which results in a protein in which a serine residue replaces the invariant Gly 41 [4] . The G41S mutation was identified in patients diagnosed with a form of mild autosomal dominant thrombocytopenia, consistent with enhanced apoptotic activity in vivo [4] . From in vitro studies the G41S mutant was indeed found to have an enhanced ability to activate caspases, but does not affect mitochondrial respiration [4] . Factors contributing to this enhanced stimulation of caspase activity of the G41S mutant have not been readily identified. However, a recent study has found that the mutation causes a redistribution of electron spin density on the porphyrin ring resulting in an enhanced ESE (electronself-exchange) rate compared with the WT (wild-type) protein [5] . Liptak et al. [5] have correlated the higher ESE rate with a higher electron transfer rate between human cyt c and an, as yet unassigned, redox partner(s) in the cytosol to expedite oxidation from the ferrous to the ferric haem form [6] , which is necessary for promoting apoptosome assembly [7] .
Before apoptosome assembly, cyt c must be released from the restrictive confines of the mitochondria [2] . The selective oxidation by cyt c of a unique inner-membrane mitochondrial phospholipid, diphosphatidylglycerol (Figure 1 ), better known as CL (cardiolipin), has been demonstrated to trigger events that lead to cyt c release from the mitochondria [8] . Under normal cellular conditions approximately 2-3 % of CL is available to bind cyt c and approximately 15-20 % of cyt c is bound to CL [8, 9] . This CL-complexed cyt c is unlikely to participate in the ETC due to its negative redox potential [10] . However, during apoptosis, transmembrane migration of CL facilitates further interaction with cyt c in the inter-membrane space [8] . The binding of CL to cyt c has electrostatic and hydrophobic components, with the latter reported to arise via the insertion of a CL acyl chain (or two [11] ) into the interior of the protein, leading to the extended lipid anchorage model [12, 13] . This interaction causes disruption to the tertiary structure of cyt c [14, 15] , resulting in the dissociation of the Met 80 haem-iron ligand. Cells undergoing apoptosis have increased levels of ROS (reactive oxygen species) such as H 2 O 2 , which would readily react with the Met 80 -dissociated haem of the cyt c-CL complex and result in peroxidation of CL [8] . Oxidized CL causes the cyt c-CL complex to dissociate, and leads to the release of pro-apoptotic factors through the outer mitochondrial membrane into the cytosol [8, 16] . The mechanism of cyt ccatalysed peroxidation of CL is not particularly well understood [17] . However, it is likely to be similar to the peroxidase-like behaviour of other haem proteins that proceeds through a number of transient intermediate haem species and the formation of a protein-based radical that is capable of further reaction(s) [18] . EPR spectroscopy has identified a radical signal during turnover of H 2 O 2 by the cyt c-CL complex [8] . The EPR signal of this radical lacks a hyperfine structure, typical of protein-based radicals [18] , but nevertheless has been assigned to a tyrosyl radical [8] . A recent study has presented evidence that Tyr 67 is a likely radical site candidate in the horse heart cyt c-driven oxidation of CL [19] .
Release of cyt c from mitochondria into the cytosol is most notably associated with the assembly of the apoptosome [2] . However, it has also been realized that peroxidase activity of cyt c can be induced by another phospholipid, PS (phosphatidylserine), located in the plasma membrane [20] (Figure 1 ). PS has been observed to undergo oxidation in apoptotic cells and is temporally separated from CL oxidation [21] . The resulting peroxidation of PS facilitates its externalization, essential for the recognition and clearance of apoptotic cells by macrophages [22] .
Previous studies with the G41S human cyt c mutant have focused on why this particular mutation results in enhanced caspase activation, i.e. on the role of cyt c in apoptosis once released from the mitochondria. We wondered, therefore, what effect the G41S mutation had on the peroxidase activity induced upon complexing with anionic phospholipids such as CL, PS and PG (phosphatidylglycerol) (Figure 1 ), the latter a precursor molecule to CL biosynthesis. Using standard peroxidase activity assays and EPR spectroscopy we have studied the initiation of the peroxidase activity in human cyt c when complexed to each phospholipid. The changes, over the time course of the reaction with H 2 O 2 , in the oxidation and spin states of the haem, as well as formation and decay of a protein-bound free radical, have been analysed, and we find that the yield of the radical is dependent on the phospholipid and is considerably greater in the G41S mutant. Two tyrosine residues have been rationalized as putative sites for the radical and these have been tested by creating phenylalanine mutations in human cyt c. The findings of the present study highlight enhanced peroxidase activity for the G41S mutant relative to the WT protein and also reveal that the radical signal detected by EPR is not from a single tyrosine residue, but is a superimposition of EPR signals from different radicals. An explanation for this observation and a model addressing radical migration in the cyt c-CL complex is discussed.
MATERIALS AND METHODS

Overexpression of human cyt c in Escherichia coli and site-directed mutagenesis
Overexpression of human cyt c in E. coli was carried out in BL21(DE3) RIL cells (Invitrogen) by the coexpression of genes for human cyt c and yeast haem lyase in a pUC19
Amp vector (see the Supplementary Online Data at http://www.biochemj.org/bj/456/bj4560441add.htm). Purification was identical with that reported previously for yeast cyt c [23] , with the exception of a reduced amount of (NH 4 ) 2 SO 4 (167 g/l) used in the salt-cut step. Fractionated samples after gel filtration (G75 Sephadex, GE Healthcare) judged to be >95 % pure by SDS/PAGE were pooled, concentrated and stored at − 20
• C until required. Site-directed variants of human cyt c (G41S, Y46F, Y48F and Y46F/Y48F) were constructed using a method based on the QuikChange ® mutagenesis protocol (Stratagene). The forward and reverse mutagenic primers used to introduce the respective mutations together with the PCR conditions are reported in Supplementary Table  S1 (at http://www.biochemj.org/bj/456/bj4560441add.htm). The overexpression, purification and storage of the mutants followed the same procedures as for WT cyt c. Masses of all proteins were determined by denaturing ESI-MS using a Micromass Quattro Ultima triple quadrupole mass spectrometer.
UV-visible and CD spectroscopy
Ferric proteins were prepared by the addition of excess K 3 [Fe(CN) 6 ], followed by removal and exchange into a desired buffer using a PD-10 column (GE Healthcare). Concentrations were determined by using a Cary 50 spectrophotometer and a molar absorption coefficient of ε = 106 mM
at 409 nm. CD measurements were performed using an Applied Photophysics Chirascan CD spectrophotometer with a thermostatically controlled cell holder. Far-UV CD spectra at 20
• C for ferric WT and mutants (20 μM) in 10 mM potassium phosphate and 50 mM potassium fluoride (pH 7) were recorded in the wavelength range 250-190 nm. The thermodynamic stability was monitored by chemical (addition of guanidinium chloride) and thermal (0-96
• C) denaturation by following the change in molar ellipticity at 222 nm (θ 222 nm ) as described previously [17] .
Alkaline transition measurements
The pH-dependence (25 • C) of the 695 nm band in the absorbance spectrum of ferric human cyt c was monitored by following the 6 ] present to maintain an oxidizing environment. The pH was adjusted with microlitre aliquots of 2 M NaOH and measured after each addition. Data were fitted to a one-proton ionization equilibrium equation to yield an apparent pK a .
CV (cyclic voltammetry)
The mid-point potentials (E m ) of human cyt c and its variants were determined by CV performed in a glass electrochemical cell housed in a nitrogen-filled chamber (atmospheric O 2 levels<5 p.p.m.). The pyrolytic graphite edge working electrode was polished with an aqueous slurry of 0.3 μm alumina, sonicated, rinsed and dried with a tissue immediately prior to measurements. The counter electrode was a platinum wire. The Ag/AgCl (saturated KCl) reference electrode was separated from the protein sample by a Luggin tip and calibrated with CV of 50 μM K 3 [Fe(CN) 6 ] that was taken to have a reduction potential of + 420 mV compared with the SHE (standard hydrogen electrode) in 20 mM Hepes and 100 mM NaCl (pH 7.4) [24] . Measured potentials were converted into values compared with the SHE by the addition of 200 mV. Voltammetry was performed in 20 mM Hepes and 150 mM NaCl, 4
• C at either pH 6.5 or pH 7.4, that typically contained 100 μM protein. E m values were defined as the average of the oxidative and reductive peak potentials and the errors on reduction potentials are quoted as S.D. values.
Preparation of liposomes
The phospholipids TOCL (1,1 ,2,2 -tetraoleoyl CL), DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), DOPG (1,2-dioleoylsn-glycero-3-phosphoglycerol) and DOPC (1,2-dioleoyl-snglycero-3-phosphocholine) (Avanti Polar Lipids) were used. A 1:1 ratio of TOCL, DOPS or DOPG with DOPC was prepared by vortex-mixing with the appropriate amounts of 20 mM Hepes (Sigma-Aldrich) (pH 7.4 or pH 6.5) and 100 μM DTPA (diethylenetriaminepenta-acetic acid) followed by sonication for 4-5 min in an ice-cold water bath. Liposomes were used immediately after preparation.
Peroxidase activity measurements
A stock of Amplex Red (Invitrogen) was dissolved in DMSO. In a 96-well microtitre plate, 1 μM protein was mixed with TOCL, DOPS or DOPG liposomes ranging in concentration from 0 to 150 μM followed by the addition of 50 μM Amplex Red and 50 μM H 2 O 2 (Sigma-Aldrich) in 20 mM Hepes (pH 7.4 or pH 6.5) and 100 μM DTPA. Fluorescence was detected by using a Fusion α universal microplate analyser and by using an excitation filter at 535/25 nm and emission filter at 590/20 nm.
Preparation of EPR samples
Samples for EPR spectroscopy were prepared by mixing 50 μM ferric cyt c [WT and mutants in 20 mM Hepes (pH 6.5 or pH 7.4)] with 500 μM liposomes (all concentrations are final). Cyt c was incubated with the respective liposomes for 10 min at room temperature (23 • C) before mixing with 500 μM H 2 O 2 (SigmaAldrich) under a nitrogen gas influx of ∼1.1 atm (1 atm≡101.325 kPa). The control samples for protein and the protein-liposome complex were prepared by drawing out 200 μl from the reaction flask before and after respectively, the addition of the liposome (but before H 2 O 2 addition) followed by transferring the volumes to EPR tubes (Wilmad) and freezing in methanol stored on dry ice. H 2 O 2 was then added to the reaction flask to a final concentration of 500 μM, and 2×200 μl aliquots were drawn out, transferred to two EPR tubes and frozen in methanol at known times after the addition of H 2 O 2 . Such duplicate EPR samples were prepared four times, for the reaction time points of 20, 75, 225 and 600 s. After freezing in methanol, the samples were transferred to liquid nitrogen. The rapid freeze-quenched samples of cyt c before and after binding to TOCL, at two different pH values, were prepared as described previously [25] .
EPR spectroscopy and analysis
EPR spectra were measured at 10 K on a Bruker EMX EPR spectrometer (X-band). A spherical high-quality Bruker resonator SP9703 and an Oxford Instruments liquid helium system were used to measure the low temperature EPR spectra. The spectra were acquired at two different sets of instrumental parameters; one for a wide-field sweep range , and number of scans per spectrum (NS) = 1. The spectra were analysed by WINEPR software (Bruker), which involved basic algebraic operations such as spectra addition, spectra subtraction, multiplication of a spectrum by a constant, and spectra integration. EPR spectra of the same kind of samples, e.g. the peroxide-treated samples of WT cyt c + TOCL at pH 7.4, were averaged and served as standard spectra for intensity determination of the EPR signals at g = 6, g = 4.28, g = 3.08, g = 2.25 and g = 2.004 in all individual spectra. Spectra subtraction with a variable coefficient [18, 26] was used to express the individual EPR signal intensities in the units of these signals in the standard spectrum. Thus the intensities obtained of the EPR signals for different data sets, averaged over the duplicate samples, were plotted against reaction time.
Free radical EPR spectra simulation
The EPR spectra of the radicals generated by the addition of H 2 O 2 to cyt c/liposomes were simulated using SIMPOW6 [27] . The TRSSA (Tyrosyl Radical Spectra Simulation Algorithm) [28] , with small modifications [29] , was used to generate all of the EPR spectra simulation parameters from an input of two variables, the phenoxyl ring rotation angle and the spin density on atom C-1 of the radical. The Phenol Ring Rotation Angle Database (http://privatewww.essex.ac.uk/∼svist/lev1/tyrdb/home.shtml) was used to identify the tyrosine residues in the human cyt c structures with the same or similar rotational conformation of the phenol group (the same or similar ring rotation angle) as the conformation determined from the simulation of the tyrosyl radical EPR spectrum.
Crystallization and structure determination
Ferric proteins for crystallization trials (12.5 mg/ml) were dialysed against 22.5 % (w/v) PEG 1000 (Fluka) and 50 mM KH 2 PO 4 (pH 7.0) for 24 h at 20
• C in a Slide-A-Lyzer (Thermo Scientific) dialysis cassette. Crystallization trials were carried out using the hanging-drop vapour diffusion method with a reservoir screen of 26-31 % (w/v) PEG 1000 and 40 mM KH 2 PO 4 (pH 7.0) and incubation at 16
• C. Plate-like red crystals of the WT and Y46F proteins grew up to 200 μm in length within 1 week. Single crystals were transferred to a cryoprotectant solution containing the reservoir solution and 15 % glycerol, before flash cooling in liquid nitrogen. Crystallographic data were measured at the Diamond Light Source, beamline I03, using a Pilatus 6M detector (Dectris) and an X-ray wavelength of 0.9762 Å (1 Å = 0.1 nm). Data were indexed using XDS [31] and scaled and merged using Scala [32] in the CCP4i suite. The WT structure was solved by molecular replacement in Phaser [33] using the G41S structure reported in [5] (PDB code 3NWV). Cycles of refinement and model building were carried out using Refmac5 [34] and Coot [35] respectively, and the final structure was validated using the MolProbity server [36] . The Y46F structure was solved by molecular replacement using the final WT model. A summary of data and refinement statistics are given in Table 1 . Table 2 . Protein concentrations were ∼100 μM. Table 2 reports physicochemical properties of ferric WT human cyt c and the G41S mutant determined in the present study. From chemical denaturation experiments the G41S mutant is marginally destabilized with respect to the ferric WT ( C m = 0.3 M and G D-N H2O = 2.6 kcal·mol − 1 ). However, the redox properties of the WT and the G41S mutant were unaltered at pH 7.4 and pH 6.5 with both proteins displaying a pair of peaks having a separation of approximately 60 mV and centred on a midpoint potential (E m ) of + 250 + − 5 mV (Supplementary Figure S2 at http://www. biochemj.org/bj/456/bj4560441add.htm), consistent with a reversible single-electron couple arising from the ferric/ferrous couple of histidine/methionine-ligated haem. The alkaline transition of mitochondrial cyt c involves the ionization of a group with a pK a of 11 (the trigger) coupled to a slow conformational change with a pK c of − 2 [37] . This conformational change involves the dissociation from the haem iron of the Met 80 ligand and replacement by a lysine residue, displacing the ionization equilibrium to give an overall apparent pK a of ∼9, when measured by equilibrium methods [37, 38] . Table 2 reports the pK a of the alkaline transition determined by monitoring the absorbance decrease in the 695 nm band (pK 695 ) as a function of pH ( Figure 2 ). A significant decrease in the pK a value for the G41S mutant compared with WT is found and is in keeping with a recent report [39] . This indicates that the alkaline transition is accessible at a much lower pH for the G41S mutant compared with the WT protein ( Figure 2 ) and may have implications for peroxidase activity and CL binding at physiological pH values.
RESULTS AND DISCUSSION
Structural basis for the decreased alkaline transition in the G41S mutant
A number of suggestions have been made regarding the identity of the trigger group. These have included a buried water molecule [40] , the haem-iron histidine ligand [41] , tyrosine and lysine residues [37] , and a haem propionate carboxylate [42] . Moore and co-workers [43] have revealed that the Arg 38 side chain, which lies close to haem propionate-7 ( Figure 3A) , can influence the pK a of the carboxylate group, which has an unusually high pK a of 11 [42] . By determining the X-ray structure of the WT protein (the first reported X-ray structure of WT human cyt c), it is apparent from superimposition with the G41S structure that differences in the vicinity of the Arg 38 side chain occur ( Figure 3A ). In the WT structure the ε-amido group of Arg 38 is coupled to propionate-7 via a bridging water molecule ( Figure 3A) , whereas in the G41S structure the Arg 38 side chain moves away from the haem propionate-7 and two new water molecules now occupy the space left ( Figure 3A ) [5] . These waters enable the Arg 38 ε-amido group to remain coupled to haem propionate-7 via a forked hydrogenbond network with each pathway having two bridging waters ( Figure 3A) . On the basis of the work by Moore and co-workers [43] , and available X-ray structures of human cyt c, we believe it is reasonable to suggest that the movement of the Arg 38 side chain away from the haem propionate-7, resulting in an altered hydrogen-bond network in the G41S mutant compared with the WT protein ( Figure 3A) , is a significant enough change to the carboxylate environment to lower the trigger pK a to <11 and result in a lower apparent pK 695 for the G41S mutant. Examination of the environment of the conserved water molecule [40] , a possible trigger site, reveals a difference in side-chain orientation of Asn 52 .
In the WT structure the Asn 52 Oδ1 is hydrogen-bonded to the conserved water, whereas in the G41S structure the Asn 52 Nδ1 is hydrogen-bonded ( Figure 3A ) [5] . We note that a very highresolution structure of the Y46F cyt c mutant (see below) showed two conformations of the Asn 52 side chain, corresponding to those seen in the WT (major conformation) and G41S (minor conformation) structures. As such it is feasible that the 'G41S' conformation exists as a low-occupancy position for Asn 52 in WT cyt c and that this position for the side chain is promoted in the G41S mutant. However, a mean 0.26 Å lengthening of the hydrogen bond from the Asn 52 to the water in the G41S structure is observed which, despite these differences, we consider insufficient to influence so greatly the pK a of the 695 nm band in the G41S protein.
The G41S mutant displays enhanced peroxidase activity at pH 6.5 in the absence and presence of phospholipids Figure 4 (A) demonstrates that in the absence of the phospholipids, both WT and the G41S mutant at pH 7.4 are able to catalyse the H 2 O 2 reduction with concomitant oxidation of the reducing substrate Amplex Red. This 'native' state peroxidase activity has been well documented in bacterial and mitochondrial cyt c [44] and is strongly inferred to arise from the presence of a small population of a 5C (five-co-ordinate) form with the haem iron ligated by His 18 , which exists in an equilibrium with the 6C (six-co-ordinate) Met 80 -on state. Despite the decreased pK 695 value of the G41S mutant, its peroxidase activity at pH 7.4 remains similar to that of the WT protein, in the absence of the phospholipids ( Figure 4A ). Perturbing the equilibrium in favour of the 5C haem form, in which the Met 80 ligand is fully dissociated, by the addition of TOCL, DOPS or DOPG leads to increased peroxidase activity for WT and the G41S proteins ( Figure 4A ). At pH 7.4 both proteins have similar peroxidase activity levels in the presence of TOCL that approaches a saturation at ∼20-molar TOCL equivalents ( Figure 4A ). This cyt c/TOCL stoichiometry is consistent with previous studies where a molar ratio of 1 cyt c molecule to 25 CL molecules has been reported [13, 17, 45] . In the presence of DOPS and DOPG the cyt c peroxidase activity is significantly greater for the G41S mutant relative to the WT protein at pH 7.4, and it is also noted that a higher molar ratio of DOPS is required compared with DOPG or TOCL to reach maximum activity ( Figure 4A ).
At pH 6.5 the peroxidase activity of the G41S mutant is consistently greater than for WT cyt c in the absence of phospholipids ( Figure 4B ). Based on the pK 695 value of the G41S mutant (Table 2) , it is a distinct possibility that at pH 7.4 any residual peroxidase activity that might arise from the Met 80 -dissociated form is suppressed due to the likely formation of the histidine/lysine-ligated form. Lowering the pH to 6.5 coincides with an increase in activity for the G41S mutant and is a consequence of an increased population of a 5C form with no interference, and suppression of peroxidase activity by a co-ordinating lysine residue. At pH 6.5 all three phospholipids boost peroxidase activity with TOCL, again inducing the greatest activity when measured by the Amplex Red assay, and the G41S mutant displays higher activity than WT in the presence of all three phospholipids ( Figure 4B ). Thus the increased apoptotic activity previously reported for the G41S mutant may not just be limited to enhancing caspase activation once the protein is released from the mitochondria [4] , but might also be a direct consequence of an increase in peroxidase activity of this mutant activated by the interaction with phospholipids (particularly strongly with TOCL). Human cells undergoing apoptosis are more acidic than normal cells, with acidification of the cytosol to values as low as pH 5.8 [46] . Thus the enhanced peroxidase activity of the G41S mutant at pH 6.5 compared with the WT protein with or without a phospholipid bound may be physiologically significant.
EPR spectroscopy of phospholipid-induced peroxidase activity reveals that the G41S mutant produces a higher radical yield
Further insight into the peroxidase activity of WT and the G41S cyt c mutant was obtained using low-temperature EPR spectroscopy. Figure 5 illustrates the EPR spectra of the G41S mutant, with and without TOCL, at pH values 7.4 and 6.5. Similar spectra were obtained for WT cyt c under the same conditions (Supplementary Figure S3 at http://www.biochemj.org/ bj/456/bj4560441add.htm). In the absence of phospholipid and H 2 O 2 , the ferric G41S spectra (and WT) indicate the presence of three paramagnetic species: (i) the LS (low spin) ferric haem form with a signal that shows two components at g 1 = 3.08 and g 2 = 2.25 (the third component, typical for LS ferric haem signals, is broad and not detectable in such a low concentration ferric cyt c sample), (ii) a very low 'background' level of a free radical at g = 2.004, and (iii) a rhombic non-haem ferric iron signal at g = 4.28 resulting from haem damage ( Figure 5 and Supplementary Figure S3) . Upon the addition of TOCL (or DOPS and DOPG), the intensity of the LS signal decreases and a new EPR signal at g = 6 appears arising from the fourth type of paramagnetic centre in the system, the HS (high spin) ferric haem form. This effect is more pronounced at pH 6.5 than at pH 7.4 ( Figure 5 ) and is thus consistent with the known pH-dependent transition between a HS haem species of the ferric cyt c-CL complex populated at low pH, and a LS species populated at high pH (pK a 6.3) [47] . The addition of H 2 O 2 to cyt c alone does not cause major changes to the EPR spectrum, with only a slight increase in intensity of the free radical signal (g = 2.004) observed ( Figure 5 ). However, on the addition of H 2 O 2 to the cyt cphospholipid complexes a much stronger free radical EPR signal is formed ( Figure 5 ). The kinetics of the four paramagnetic centres in the EPR spectra of WT and the G41S mutant on the addition of H 2 O 2 , with and without TOCL, are shown in Figure 6 , with similar values for DOPS and DOPG reported in Supplementary Figures S6 and S7 (at http://www.biochemj. org/bj/456/bj4560441add.htm) respectively. Over the first 20 s the LS ferric haem state concentration decreases, coinciding with a general increase in the HS ferric haem form ( Figure 6 ). The total concentration of the ferric haem state (LS + HS) decreased over the first minute of the reaction, probably caused by oxidation of the ferric haem by H 2 O 2 to form the EPR silent ferryl state. This is fully consistent with observations of the reactions of other ferric haem proteins with H 2 O 2 [18] . The increase in the concentration of the HS form as a function of time indicates that during the reaction the equilibrium between the two haem spin states is perturbed towards favouring the HS form (Figures 5 and  6 ). This is more pronounced for the G41S mutant than for the WT protein, and is generally greater at pH 6.5 than at pH 7.4 ( Figure 6 ).
The peroxidase activity of cyt c is usually associated with formation of a protein-bound free radical. Interestingly, the kinetic profiles for the HS ferric haem and the free radical are very similar ( Figure 6 , and Supplementary Figures S6 and S7) , although their absolute concentrations at any time point are notably different ([HS ferric] is always>[free radical]). This similarity in the profile shapes seems to be a consequence of the fact that the radicals are formed from H 2 O 2 reacting with the HS ferric haem form, not the LS form, and with approximately the same radical decay rate throughout the reaction course. Therefore the observed radical concentration is approximately proportional to the HS ferric haem protein concentration. The overall yield of the free radicals is greater for the G41S mutant than for the WT in all cases (to different degrees; Figure 6 ) and is significantly greater when TOCL was used (at pH 6.5) than for DOPS or DOPG (compare with Supplementary Figures S6 and S7 ). This correlates with G41S being more peroxidatic than WT at pH 6.5 in the presence or absence of TOCL. Comparison of the free radical EPR signal in the different phospholipid systems shows that the line shape is invariant and this strongly indicates that the apparent radical site is the same in all complexes and is pH-insensitive between the pH values of 6.5 and 7.4 ( Figure 7A ). Finally, the increase over the reaction course of the g = 4.28 EPR signal that originates from the non-haem iron in rhombic co-ordination, is associated with increasing damage to the haem [48] . This species grows after H 2 O 2 treatment in all systems studied, but is most obvious with TOCL, where a higher free radical yield was also detected ( Figure 6 ).
A tyrosyl radical
The EPR spectrum of the human cyt c radical is a plain singlet, without any visible structure of hyperfine components typical of most protein radicals, and with the same g-factor and line width in all phospholipid systems studied ( Figure 7A ). Evidence has previously been provided from a similar spectrum of horse heart cyt c, that the radical may be assigned to a tyrosyl radical [8, 19] . This was based on the use of TRSSA, which has proved a useful tool in simulation of all known tyrosyl radical EPR line shapes [28] . Using a specific TRSSA input of ρ C1 = 0.415 and θ = 54
• (or θ = 64
• , a symmetry complementary angle satisfying the condition 54
• + 64 • = 118 • ), which yields the output of the simulation parameters presented in Supplementary Figure S8 (at http://www.biochemj.org/bj/456/bj4560441add.htm), a good fit to the experimental singlet is obtained ( Figure 7B ). Proteinbound radicals implicated in peroxidatic activity are often found on tyrosine residues [18] , with the radical EPR spectra varying in line shape [28] , usually showing several well or partly resolved lines that originate from the hyperfine interaction of the unpaired spin density with the protons of the tyrosine residue. However, this is clearly not the case for the human cyt c free radical but, nevertheless, TRSSA allows a satisfactory simulation of the EPR Figure 7 The EPR spectrum of the free radical is the same for WT and G41S for different pH values and for different phospholipids used (A) Comparison of the peroxide-induced free radical EPR signals detected in WT and G41S treated with TOCL (at pH 6.5), in the G41S treated with TOCL at pH 7.4 and 6.5, and in the mutant treated with three different lipids (TOCL, DOPS and DOPG) at pH 6.5. The instrumental conditions used to record the free radical spectra are as specified in the Materials and methods section. (B) The EPR spectrum of the free radical formed in the G41S/TOCL complex reacted with H 2 O 2 and a TRSSA-assisted simulation for the following input parameters: the spin density on atom C-1 ρ C1 = 0.415 and the ring rotation angle θ = 54 • (defined as shown in view A ). Note that a symmetry complementary angle of θ = 64 • yields an identical set of EPR spectrum simulation parameters as the angle of θ = 54 • . The sample used to record the experimental spectrum was frozen at 3 min 38 s after H 2 O 2 was added to the protein at pH 6.5. The simulation parameters generated by TRSSA and used to simulate the spectrum are reported in Supplementary Figure  S8 (at http://www.biochemj.org/bj/456/bj4560441add.htm).
line shape implying the radical responsible to be on a tyrosine residue.
Tyrosine-to-phenylalanine mutations lower the overall H 2 O 2 -induced radical yield in the presence of TOCL
Coupled with structural information, TRSSA-supported simulation can be used to assign the radical to a specific tyrosine residue in a protein, i.e. the tyrosine residue in the structure that has the phenol ring rotation angle close to the phenoxyl ring rotation angle found by the simulation. In the present system this is less straightforward as there is no known structure of a cyt c-phospholipid complex, and it is not known whether the perturbation of the cyt c structure by a phospholipid [14] affects the rotational conformation of the tyrosine residue responsible for the radical. However, we note that most probably, this is not the case, as the EPR spectrum of the phospholipid-free cyt c is the same as for the phospholipid-bound proteins ( Figure 8B ).
[Normally, the haem in cyt c without a phospholipid is 6C and would not react with H 2 O 2 , but if the temperature of the solution is raised to 37
• C, as in Figure 8 (B), the reaction can be initiated, and a free radical is produced. This also unambiguously shows that in the phospholipid systems studied here, the radical is proteinbound and not on the phospholipid.] In addition, the analysis of the X-ray co-ordinates of both WT (the present study) and the G41S mutant [5] , gives the same tyrosine residues as the residues with the closest conformation to the one determined from the EPR spectrum simulation (θ target = 54
• or θ target = 64 • ), which are Tyr 46 and Tyr 48 (Supplementary Tables S2 and S3 at http://www.biochemj.org/bj/456/bj4560441add.htm). A similar analysis carried out for horse heart cyt c (Supplementary Table  S4 at http://www.biochemj.org/bj/456/bj4560441add.htm), using the θ values obtained from a previous study [8] (θ target = 53
• or θ target = 65
• ) also yields Tyr 48 as the most likely site of the radical (Tyr 46 is not present in the horse protein). Thus we hypothesized that Tyr 46 and/or Tyr 48 could be possible candidates for a radical site during peroxide turnover in cyt c. Both Tyr 46 and Tyr 48 are located close to Gly 41 on the third omega loop, with their phenoxyl rings buried from solvent and within close proximity to the haem ( Figure 2B) .
The Y46F and Y48F mutants, along with the Y46F/Y48F double mutant, were constructed and purified and the physicochemical properties, reported in Table 2 , reveal small variations in stability, E m and pK 695 value compared with WT. It is interesting to note that the double tyrosine mutant abolishes the CV response (Supplementary Figure S2) . Denaturation of the protein seems unlikely, as haem redox chemistry would still be expected. It is more likely that the protein is either less able to orient for productive electron transfer or that the electron transfer pathway from haem to protein surface is compromised. The structure of the Y46F mutant was determined to a very high Figure 9 The dependence of the free radical EPR spectra and their intensities on the time elapsed after H 2 O 2 addition to five variants of human cyt c complexed with TOCL at pH 6.5
Proteins (50 μM) were treated with 500 μM TOCL and the time was started on addition of 500 μM H 2 O 2 to the mixture. Each spectrum (and corresponding data point on the graphs) represents an average of two independent samples. No data are available for the 20 s point in WT. The relative units of the free radical concentrations are the same across all variants (i.e. the kinetics are directly comparable).
resolution (1.35 Å), and is highly similar to that of WT cyt c, such that each monomer of the Y46F structure superimposes with its equivalent from the native cyt c structure with RMSDs in Cα positions of ∼0.1 Å. Comparison with the WT structure revealed no significant structural changes, either globally or in the environment of the mutation, with the important exception that This results in the oxidation of the ferric haem to the ferryl (Fe IV ) state and formation of a primary protein-bound radical, R1. This radical character, initially located on the specific R1 site of the molecule, can be transferred to a number of non-specific alternative sites via either an intraor inter-molecular process. The scheme depicts an inter-molecular reaction between cyt c molecules leading to radical transfer to a number of sites. Similar transfer occurs within a cyt c molecule to lead to a comparable distribution. Furthermore, reduction of the ferryl haem to the ferric state, with R1 still on the protein or already dissipated, results in the formation of the second primary protein-bound radical, R2, which is then transferred similarly to non-specific sites in the same or different molecule.
the hydrogen-bond network centred on the phenolic oxygen atom of Tyr 46 is absent when this residue is replaced with a phenylalanine residue. Although there are no significant differences in the haem environment between the WT and Y46F structures, we note that at this higher resolution the near haem residue Asn 52 in the mutant is modelled in two conformations corresponding to those seen in the WT and G41S structures. The EPR spectra of the H 2 O 2 -induced free radicals and the kinetics of their formation and decay in the presence of TOCL at pH 6.5 for the single and double tyrosine mutants as well as for the WT and G41S mutant are shown in Figure 9 . It is clear that the same plain EPR singlet is present in all cases, and the mutations do not cause any significant changes in the line shape of the free radical EPR signal, although the intensities (reflecting radical concentration) vary significantly. While the G41S mutant shows a notably greater free radical EPR signal, the two single tyrosine mutants are characterized by an approximately 2-fold lower yield of the radical as compared with the WT. Importantly, the Y46F/Y48F double mutant exhibits a significant (∼5-fold) decrease in the overall radical yield (Figure 9) .
A multiple protein-bound radical hypothesis
Our experiments with single and double Y46F and Y48F mutants show that both tyrosine residues seem to be important for the experimentally detected spectrum. Removal of either decreases the yield of the observed radical, but removal of both results in a much greater decrease in radical signal (Figure 9) . A puzzling result is that in all cases the same EPR line shape is detected. If this EPR singlet originates uniquely from a single residue radical, it cannot be either Tyr 46 or Tyr 48 . However, since the mutants have such a strong effect on the kinetics of the radical formation and disappearance, both Tyr 46 and Tyr 48 must be involved in the free radical character transfer, i.e. from the haem to the hypothetical radical site. Figure 8 aptly demonstrates that the free radical EPR signals in all cyt c variants are very similar at the late time points of reaction with H 2 O 2 . We have previously observed a very similar EPR singlet at late time points of the free radical kinetics in the haem enzyme DHP A (dehaloperoxidase A) [25] . The radical formed on the addition of H 2 O 2 to DHP A is initially a multicomponent EPR signal that not only becomes smaller as the reaction with H 2 O 2 progresses, but also becomes less resolved and evolves into a singlet (see Supplementary Figure S6 in [25] and Figure 8C ). Additionally, a radical with the same singlet EPR spectrum is observed at late time points of myoglobin from Aplysia fasciata reacting with H 2 O 2 [49] . This leads us to reconcile our observations of the same EPR signal in different systems by suggesting that the EPR signal is caused by a superimposition of signals from many different protein-bound radicals. The scheme in Figure 10 explains this idea. The equilibrium between the Met 80 -bound and unbound haem states is heavily shifted towards the 6C form in native cyt c, but is inverted in favour of the Met 80 -dissociated form on TOCL (or other phospholipid) binding. Interaction with an H 2 O 2 molecule produces two primary proteinbound radicals, R1 (when Compound I, although not detected but obligatorily formed on H 2 O 2 treatment, undergoes one electron reduction of the porphyrin radical cation) and R2 (formed on reduction of the ferryl haem back to ferric). These radicals, independently of each other, can be transferred either intra-or inter-molecularly to other residues. The intermolecular transfer finds strong support from the protein-concentration-dependent evolution of the radical signal in horse myoglobin in the presence of H 2 O 2 [50] . The site of the new radical in this process of radical character transfer needs not to be specific and leads to a random or semi-random distribution of radicals located on amino acid residues (on the upper part of Figure 10 just three different possibilities for a new free radical formation in the intermolecular radical transfer reactions are illustrated). A similar depiction can be made for the intramolecular process. Thus our hypothesis is that we do not observe a primary protein-bound radical of a specific location, which is likely to have an EPR signal possessing hyperfine structure. Instead, we detect the result of the evolution of the free radical intermediates into a superimposition of many different radicals with a featureless overall singlet EPR line, common to different proteins and protein/lipid systems (Figure 8 ).
Implications for the enhanced pro-apoptotic activity of the G41S mutant
The results presented above reveal that the G41S mutant, as compared with the WT protein, has a higher peroxidase activity that correlates well with the enhanced stabilization of a protein radical produced on reaction of the proteins with H 2 O 2 (Figures 4  and 6) . A free radical EPR signal can decrease only when the radical terminates with another free radical. If a radical requires on average N transfers from one site to another before it meets another free radical, then removal of a tyrosine residue, on which a radical has a typically longer life time, would make the average life time of the radical character shorter, resulting in a lower observed yield of the radical (Figure 9 ). Likewise, removal of two tyrosine residues (Tyr 46 and Tyr 48 ) would make this effect even greater ( Figure 9 ). A similar logic may be used to rationalize a stronger free radical EPR signal in the G41S mutant. The free radical yield in the G41S mutant is greater than in the WT because the mutant's free radical has a longer, than in the WT protein, life time and has more chances to encounter a substrate (e.g. a phospholipid) to oxidize, rather than to end up damaging the protein. Therefore the longer-lived radical character in the G41S mutant lends support to the hypothesis that pro-apoptotic activity in the G41S mutant may be a result of its enhanced CL-induced activity as a peroxidase, a reaction implicated as an early step in mitochondrial apoptosis [8] . 
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MATERIALS AND METHODS
Construction of the plasmid to overexpress human cyt c
The gene encoding human cyt c (CYC_HUMAN) was synthesized by Entelechon Germany, and inserted into a pUC18 vector. The gene synthesized was 345 bp in size with a SmaI/XmaI restriction site at the 5 end (underlined in Figure S1 ) followed by a ribosome-binding site (bold) complementary to the Escherichia coli 16S rRNA Shine-Dalgarno sequence followed by an A/Trich sequence preceding the ATG start codon of human cyt c (red). At the 3 end a BamHI restriction site (underlined) was positioned after a TAA stop codon. The pUC18 plasmid with the human cyt c gene was digested with SmaI and BamHI restriction enzymes and the human cyt c gene was gel-extracted and purified for ligation into a pUC19 plasmid already containing the yeast CYC3 gene encoding for yeast haem lyase. This created a coexpression construct for the overexpression of holo-human cyt c. Correct insertion of the human cyt c gene was corroborated by DNA sequencing using the M13 reverse primer at GATC Biotech.
Site-directed mutagenesis of human cyt c
The mutagenic primers used to create the G41S, Y46F, Y48F and Y46F/Y48F mutants are reported in Table S1 . These were between 25 and 35 bases in length and the GC content ranged between 40 and 50 %. The melting temperature (T m ) was calculated based on the length and the GC content of the primer (Table  S1) The response from buffer-electrolyte containing no protein is shown as the 'baseline'. Experiments were performed in 20 mM Hepes and 150 mM NaCl (pH 7.5), except for the sample of G41S that was measured in 20 mM Hepes and 150 mM NaCl (pH 6.5). The concentration of cyt c was 60 μM (pH 6.5). The binding to TOCL results in the transformation of a significant amount of the LS ferric haem state (g 1 = 3.08, g 2 = 2.25) into the HS ferric haem state (g = 6). The instrumental conditions for detection of the spectra the same as in Figure 5 of the main text and are specified in the Materials and methods section of the main text. The concentrations of the four species in relative units were determined as described in the legend to Figure 6 of the main text. The control samples of cyt c without DOPG were prepared for the time points of 0 (no peroxide added) and 20 s only.
Figure S8 TRSSA-generated parameters for the free radical EPR signal simulation
The EPR spectrum simulation parameters generated by TRSSA for an input of ρ C1 = 0.415 and θ = 54 • . 
